Oxidative damage plays a key role in septic shock induced by the endotoxin lipopolysaccaride (LPS) by enhancing the formation of reactive oxygen species such as superoxide anion radicals, peroxides, and their secondary product, malondialdehyde, especially in the liver. In this study, histopathologic changes in several organs were compared among groups of male Wistar rats that had been injected with LPS following prophylactic pretreatment with either of 2 antioxidants, a group that had been injected with LPS without pretreatment with antioxidants, an untreated control group, and groups that had been injected with either of the 2 antioxidants only. The antioxidants used were a water-soluble natural antioxidant from spinach (NAO) and the NADPH oxidase inhibitor apocynin. Hematoxylin-and-eosin-stained slides were prepared, and lesions were semiquantitatively scored. Exposure to LPS alone was associated with multifocal hepatocellular necrosis and acute inflammation, thymic and splenic lymphoid necrosis, ocular retinal hemorrhage and acute endophthalmitis, adrenal medullary vacuolation and necrosis and acute inflammation, and decreased adrenal cortical cytoplasmic vacuolation (consistent with depletion of steroidal hormone contents). Results indicated that pretreatment with both antioxidants for 8 days reduced, in some organs, the necrotic and inflammatory changes associated with the LPS challenge. These findings suggest a potential therapeutic application for these antioxidants in clinical sepsis.
INTRODUCTION
Septic shock, a systemic response to infection that causes 175,000 deaths per year in the United States (8, 47) , is characterized by specific pathologic effects upon specific target organs (44) . All symptoms of septic shock can be mimicked by the injection of the endotoxin lipopolysaccaride (LPS), one of the major components of the outer membrane of gram-negative bacteria (6, 43) . Sensitivity to LPS varies among different species of animals (eg, the rat is reported to be less sensitive than the rabbit) (9, 48) .
Reactive oxygen species (ROSs) play a key role in LPS-induced septic shock (11, 33, 50) . LPS injection enhances the formation of ROSs such as superoxide, peroxides, and nitric oxide in the lung, liver, and other susceptible organs (30) . The toxic properties of LPS are produced indirectly through the action of endogenous mediators, such as the proinflammatory cytokines (tumor necrosis factor a, interleukin [IL]-1, and IL-6) (17, 21, 23, 45) , as well as directly, from ROSs themselves (9, 33) . All of these factors are produced and released by activated macrophages and Kupffer cells during sepsis (18) ; therefore, the cellular antioxidative/oxidative status, which is reflected by the endogenous antioxidant defense system and oxidative pathways, plays an important role in the capability of organs to cope with oxidative stress induced by LPS treatment (13, 29) . In a previous study we demonstrated that LPS promotes oxidative stress in rats (2) . Livers of rats exposed to LPS exhibited elevated levels of lipid peroxidation products, malondialdehydes, hydroperoxides, and NADPH oxidase activity.
The objective of this study was to evaluate further the prophylactic efficacy of antioxidant pretreatment for prevention of the cellular damage induced by LPS treatment in the rat. This study reports the antioxidative potential of 2 agents-the novel compound, a natural water-soluble antioxidant purified from spinach (NAO) (15) , which acts as radical scavenger and specific lipoxygenase inhibitor, and apoeynin, an NADPH oxidase inhibitor that prevents the formation of superoxide radical anions (5, 46) . Having prophylactic values as a result of their antioxidative and/or anti-inflammatory capacities (36) (37) (38) 46) , both compounds are proposed as therapeutic agents to counteract the endotoxic effects of sepsis. The potential clinical use of these agents remains to be investigated.
METHODS
Test Materials. Endotoxin LPS (Escherichia coli 055: B5, Sigma Israel Chemicals Ltd, Rehovot, Israel), consisting of 2 batches, 026HJ076 and 026HJ077, at a ratio of 2 to 3, respectively, was stored at 4°C until the time of use. NAO was prepared from spinach leaves as described by Grossman et al (15) . Spinach leaves were homogenized with an equal amount of H20. The supernatant was collected and chromatographed on a Sephadex G-25 column. Fraction A was collected and was used as NAO in this study. Apocynin (acetovanillone, 98%) was obtained from Aldrich Chemicals (Milwaukee, WI).
Animals. The study utilized 50 male Wistar rats (approximately 4 weeks old) that were obtained from Harlan (Harlan Laboratories Breeding Center, Jerusalem, Israel). Following an acclimation period of 7 days (to ensure the suitability of the rats for the study), animals were randomly assigned to experimental groups. Test animals were maintained within a limited-access rodent facility, with environmental conditions set to a temperature of 20 ± 2°C, a humidity of 30-70%, and a 12-hour light-dark cycle. Temperature and relative humidity were monitored daily. The animals were housed in filter-covered polypropylene cages that had solid bottoms and wood shavings as bedding material. Animals were provided with ad libitum access to a commercial rodent diet (Kofolk 19520, Netanya, Israel), and drinking water was supplied to each cage via propylene bottles with stainless-steel sipper tubes.
All procedures, maintenance, and treatment of the rats were accomplished in accordance with the principles of humane treatment described by the National Institutes of Health's Guide for the Care and Use of Laboratory Animals (42) . The Institutional Animal Care and Use Committee of the Hebrew University of Jerusalem approved the protocol.
Study Design. The treatment groups and number of animals in each group are presented in Table 1. NAO. Freshly prepared NAO solution, at a concentration of 10 mg/ml in physiological saline, was administered by intraperitoneal (IP) injection at a dose level of 10 mg/kg and a volume dosage of 1 ml/kg. Dosing was repeated once daily throughout an 8-day treatment period prior to LPS challenge.
Apocynin. Apocynin was dissolved in drinking water daily at a concentration of 600 ppm (600 J.Lg/ml); drinking solution was provided ad libitum to the test animals. The drinking solution was supplied via cage-side water bottles, which were cleaned daily and refilled throughout the 8-day treatment period prior to the LPS challenge. LPS Challenge. LPS (E coli 055:B5) was dissolved in physiological saline at a final concentration of 10 mg/ml and was administered by a single IP injection (10 mg/kg) at a volume dosage of 1 ml/kg. In group 4, the LPS was administered on day 8, immediately following the last NAO injection, while in group 6, LPS was administered on day 8 of exposure to apocynin-containing drinking water. In that group, the apocynin administration was terminated 24 hours after LPS injection. A group injected with LPS that did not receive antioxidant pretreatment (group 2) also received LPS on day 8 of the study.
Clinical Examination. Body weights were recorded on days 1 and 8 prior to euthanatization and necropsy. Clinical signs were observed just before dosing, just after dosing, and at 2 hours after dosing on each day. Tissue Preparation and Histologic Examination. Twenty-four hours after LPS challenge, all test animals were euthanatized by carbon dioxide inhalation. A complete necropsy was performed on all rats, including those that were moribund or that were found dead. The following organs were collected and fixed in 10% neutral-buffered formalin: brain, thymus, heart, lungs, liver, stomach, duodenum, ileum, cecum, colon, spleen, kidney, adrenal glands, and skeletal muscle (thigh). The lungs were expanded (with formalin) to normal inspiratory volume. Eyes were preserved by immersion in Davidson's solution for 48 hours and were then transferred to 70% ethanol. All tissues were embedded in paraffin, sectioned at 5-6 jjLm, and stained with hematoxylin and eosin (H&E) for histopathologic evaluation.
Lesions were described and scored, where appropriate, using 5 semiquantitative grades, as follows: 0, no lesion; 1, minimal lesion; 2, mild lesion; 3, moderate lesion; and 4, severe lesion. Statistical Analysis. Data indicating the incidence of the histopathologic changes were analyzed by the Fisher's exact test method (1) . Data indicating the body-weight changes and severity of the histopathologic changes were analyzed by the Mann-Whitney method (24) . Values were considered to be significant when p < 0.05.
RESULTS

Body Weight
Significant (p < 0.05) reductions of the total body weight and decreases in body-weight gains were observed in all the LPS treatment groups (groups 2, 4, and 6). Only a slight, statistically insignificant trend (p > 0.05) of an increase in the body-weight gains was noted in groups that had been pretreated with either NAO or apocynin prior to LPS (groups 4 and 6), compared with the LPS group (group 2). No effects on body weight and body-weight gain were noted in animals treated with NAO or apocynin alone (groups 3 and 5). 
Mortality and Clinical Signs
Two rats from group 2 (LPS exposure) and 3 animals from group 6 (treated with apocynin and LPS) died within 24 hours of LPS challenge. Treatment-related clinical signs were observed in all groups that were given LPS. Clinical signs were similar in nature in all of these groups, and signs consisted of decreased motor activity, dyspnea, and piloerection. The most severe clinical signs were seen in the group of rats that was treated with LPS only (group 2), but decreased severity in clinical signs was seen in the groups treated prophylactically with the antioxidants, whereas in the LPS-and NAO-treated group (group 4), these clinical signs were of the lowest grade of severity. No clinical signs were noted in the rats from control, NAO, and apocynin groups (groups 1, 3, and 5, respectively).
Gross Findings
In a few animals from groups treated with LPS, the following gross changes were noted: pallor and accentuated lobular architecture in the liver and clear fluid contents in the stomach and small intestine. The incidence of macroscopic findings indicated no apparent differences between the groups treated with antioxidants before LPS challenge and the group exposed to LPS alone. No gross lesions were present in rats treated with the antioxidant agents alone.
Histopathologic Findings
The incidence and mean severity of histopathologic findings are presented in Tables 2 and 3 . Treatment with LPS alone was associated with lesions in several organs.
In the liver, multifocal hepatocytic necrosis associated with polymorphonuclear leukocyte (PMNL) infiltration was noted (Figure 1 ). Many dying cells exhibited cytoplasmic shrinkage and clumped marginated chromatin or the presence of extraor intracellular apoptotic bodies, which are the cytomorphologic characteristics that are consistent with &dquo;apoptotic necrosis&dquo; (Figure 2 ) (22) . Other cells were swollen, with cytoplasmatic pallor and karyolysis (features consistent with &dquo;oncotic necrosis&dquo;) ( Figure 3 ). Prophylactic treatment with NAO (group 4) was significantly effective in reducing the incidence and severity of the LPS-related hepatic lesions, whereas the apocynin (group 6) reduced-only insignificantly-the frequency and degree of such lesions (group 2).
In the eyes, treatment with LPS alone was associated with the presence of polymorphonuclear cells and erythrocytes in the anterior chamber (ie, acute endophthalmitis) (Figure 4 ). Retinal lesions consisted of hemorrhages between the photoreceptors and retinal pigment epithelium, which led to separation of these 2 layers. The prophylactic use of both antioxidants was ineffective in reducing the incidence and severity of the LPS-related lesions in the eyes.
In the thymus, treatment with LPS alone was associ-ated with presence of apoptotic necrotic lymphocytes with hyperbasophilic nuclear debris in the cortex ( Figure  5 ). In the spleen, apoptotic necrosis and depletion of lymphoid cells were noted in the periarteriolar sheaths (Tcell zone) ( Figure 6 ) and in the follicles (B-cell zone).
Compared to NAO (group 4), apocynin (group 6) had a -Depletion of cytoplasmic vacuolation in the adrenal cortical cells of a male Wistar rat exposed to LPS. The cytoplasm of these cortical cells has a more homogeneous eosinophilic appearance (arrows) than in the adrenals of the antioxidant-treated rats. H&E. X 132. less significant effect on the reduction of the frequency of the LPS-related lesions in the thymus. Both antioxidants were significantly effective in reducing the severity of LPS-related lesions in the thymus and spleen.
In the adrenal medulla, LPS treatment alone resulted in vacuolation (Figure 7 ) or necrosis of the chromaffin cells with sinusoidal PMNL infiltrates. In the adrenal cortex, LPS treatment caused depletion of cytoplasmic vacuolation in cells of the zona fasciculata (Figure 8 ). These cortical cells had a homogeneous eosinophilic cytoplasm, which contrasted with the cytoplasmic vacuolation that is typically present in cells of this zone. Both antioxidants were significantly effective in reducing the incidence and severity of LPS-related adrenal cortical and medullary changes.
All other observed lesions were considered to be spontaneous and unrelated to LPS treatment. No treatmentrelated changes were noted in any of the organs examined from animals exposed to NAO or apocynin alone.
DISCUSSION
Organs and systems known to be affected by LPS in both human and animal models include the cardiovascular, respiratory, urinary, gastrointestinal, nervous, and endocrine systems (43, 47) . Our study indicates that a single IP administration of LPS to rats induces a variety of necrotic and inflammatory morphologic changes in organs and systems, some of which are comparable to those seen in humans.
In this study, pretreatments with the NADPH oxidase inhibitor apocynin and the free-radical scavenger NAO were both effective in reducing the following LPS-related lesions: inflammation and necrosis in the liver, lymphoid necrosis in the thymus and spleen, and degenerative changes in the adrenal cortex and medulla. The prophylactic effect of these compounds may be due either to prevention of release of ROSs by activated neutrophils and Kupffer cells (through inhibition of superoxide radical production) or to entrapment of the ROSs released by those cells (37, 46) . The relatively high rate of death noted in the apocynin + LPS-treated group may indicate that unlike NAO, apocynin was not sufficiently effective in preventing the LPS-induced sepsis. This supposition is supported by the finding that in the liver, prophylactic administration of NAO (in group 4) significantly decreased the incidence and severity of LPS-related histologic changes, whereas the apocynin pretreatment (group 6) had an insignificant prophylactic effect compared to LPS-related lesions (group 2).
Although oxidative stress may play a key role in LPSinduced liver damage, only a limited number of studies have been conducted to elucidate the therapeutic potential of antioxidants. Moreover, 1 study demonstrated the beneficial effects of treatment with superoxide dismutase, the endogenous scavenger of 0~ , and the improvement of survival in rodents with hepatotoxicity following LPS treatment (29) .
There is increasing interest in the protective biological effects of some natural antioxidants, especially those from edible plants, which are candidates for use in preventing cancer and extending the life span of humans (41) . While screening for inhibitors of lipid peroxidation we found a powerful, water-soluble antioxidant, NAO, in spinach leaves; NAO specifically inhibited the lipoxygenase enzyme (15, 32) . The efficacy of NAO as an antioxidant was studied in both in vitro and in vivo models (48, 49) , and NAO was found to be superior to the wellknown antioxidants vitamin E and butylated hydroxytoluene (15) . Recent publications indicate a possible positive role for both vitamins C and E in terms of protection from oxidative stress in LPS-induced sepsis in an animal model (7, 13, 35) . The beneficial effect of NAO in our study may be related to the direct antioxidative effect of the compound (ie, scavenging of free radicals released in various oxidatively stressed organs such as liver, spleen, and thymus), or it may be indirectly related to inhibition of chemotaxis of neutrophils through inhibition of the 5lipoxygenase pathway [avoiding production of the chemotaxic agents, hydroxyperoxides, and leukotrienes (12, 26, 27) ].
Apocynin is known to be a potent inhibitor of membrane-bound 02--generating NADPH oxidase (45) . That apocynin is changed into a metabolically active molecule in the presence of myeloperoxidase and ROSs has been suggested. This molecule may then prevent the assembly of functional 02--generating NADPH oxidase, thereby blocking the generation of 02- (38) . Metabolic activation of apocynin is therefore restricted to cells that have the capacity to release peroxidase upon stimulation (eg, PMNLs and mononuclear phagocytes). This explanation implies that apocynin may have therapeutic value in the treatment of diseases in which these inflammatory cell types are involved. The prophylactic effect of apocynin has been shown in a few models, including type II collagen-induced arthritis in the rat, in which a reduction in the IL-6 level followed apocynin treatment (16) . The potential therapeutic value of apocynin was demonstrated in vitro by its ability to protect secretory leukocyte proteinase inhibitor from oxidative inactivation by neutrophils (36) , and oral administration of apocynin prevented LPS-induced emphysema (37) . Moreover, Wang et al (46) have shown that apocynin attenuated sepsis-induced lung injury in guinea pigs.
Our previous study demonstrated a significant elevation of NADPH oxidase activity in the liver of LPS-treated rats (2) . The multifocal hepatocytic necrosis associated with PMNL infiltration that we noted may indicate that the oxidative stress was mainly due to ROSs released by PMNLs. Thus, the protective effect of apocynin may result from the formation of an active form of apocynin in the PMNLs, which in turn prevents further release of ROSs, the underlying cause of the hepatocellular damage.
Histologic changes in the adrenal glands of the rats treated with LPS were noted both in the cortex and the medulla. Medullary changes consisted primarily of cytoplasmic vacuolation and necrosis of chromaffin cells. These findings are consistent with the massive release of catecholamines into the bloodstream that is known to occur in septic states and during hemorrhagic shock (20, 25) . Electron microscopic examination of the adrenal medulla during induced hemorrhagic shock in dogs revealed degranulation of the A-type (adrenalin) medullary cells as soon as 5 minutes after initiation of hemorrhage (19) . Throughout the following 3 hours (mean arterial pressure of 50 Hg), the degranulation deteriorated and was associated with increasing numbers of hydropic and autophagic vacuoles. Necrotic cells and neutrophilic infiltration were found 4-6 hours after normovolemia was induced by reinfusion of blood. Injection of rats with reserpine (10 mg/kg/d) for 5 days was associated with medullary cell cytoplasmic vacuolation, interpreted as residua of recycled chromaffin granules membranes because of intense secretory stimulation (40) .
In the cortices, reduced cytoplasmic vacuolation of cells in the zona fasciculata was observed in LPS-treated animals. Similar alterations have been previously described to be adrenal adaptations to stress-induced hormone release (14, 31) . It was demonstrated that IL-1 has an active role in adrenocortical stress response; it activates the adrenocortical axis (3, 4, 34) . IL-1 acts directly on the hypothalamus to stimulate corticotropin-releasing factor release, which stimulates adrenocorticotropic hormone and then corticosterone secretion from the adrenal cortical cells. The necrosis observed in the thymus and spleen in LPS-treated rats in our study may be explained by the known effect of corticosteroids on induction of apoptotic necrosis in lymphoid cells (22, 28) . The stress effect underlying the release of corticosteroids may explain the necrosis that was observed in the thymus and spleen in LPS-treated rats in this study. We propose that apocynin and NAO reduced the ROS level and protected the lymphoid tissue from the LPS-related damage. Acute endophthalmitis and retinal hemorrhages were observed in the eyes of the LPS-treated rats in this study. Ocular inflammation in rats following LPS injection has been previously reported (39) and is proposed to be mediated in large part by nitric oxide-induced changes in hemodynamics and vascular permeability. In this study, pretreatment with apocynin or NAO was ineffective in reducing the incidence or severity of LPS-related endophthalmitis and retinal hemorrhage. This result is consistent with findings in the rat uveitis model, in which NAO had no effect on the eye lesions in LPS-treated rats but acted synergistically with other anti-inflammatory drugs, such as dexamethazone (10) .
In summary, exposure of rats to LPS resulted in lesions in several tissues, lesions that are similar to those associated with septic shock and associated oxidative stress in humans and animals. Pretreatment of rats (for 8 days) with NAO (a natural water-soluble antioxidant from spinach) and with the NADPH oxidase inhibitor apocynin ameliorated or reduced the incidence and severity of several of the necrotic and inflammatory changes associated with LPS challenge. These findings indicate a potential therapeutic application of these antioxidants in clinical sepsis.
